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Present knowledge indicates that the control of viruses will  require further 
study of the pathways leading to virus multiplication.  With  this purpose in 
mind, the present investigation was undertaken using the lactic streptococcus 
bacteriophage system.  An  additional  consideration was  that effective inhibi- 
tors might find direct application in the control of phage in dairy fermenta- 
tions. 
Two strains of phage were inhibited selectively by crystal violet. Investiga- 
tion of the mechanism involved has indicated that crystal violet interferes with 
intraeellular multiplication of the phage, possibly by combining with DNA at 
a critical stage during the formation of virus particles. 
Methods 
Antibiotic-producing  microorganisms  were screened  by the method of Jones and 
Schotz (1946), except that after growing the antagonist in sterile agar basal layers for 
suitable time, overlay material containing  (a) cells and (b) phage plus cells was poured 
along opposite  sides of the giant colony. Screening of compounds  was done with a 
paper dise--agar plate method (Asheshov et al., 1949). Potentially effective agents were 
tested by the tube method, using lack of turbidity in a liquid medium as an index of 
lysis and toxicity. Minimum inhibitory concentrations for phage (MPIC) and bacteria 
(MBIC) were determined from counts of phage and host cells made on material incu- 
bated for 10 hours at 32°C. before plating. Toxicity was indicated by a 50 per cent 
reduction of the count of bacteria incubated without virus; phage inhibition was 
indicated by a 100-fold reduction of virus plaque count. The inhibition ratio (IR) was 
equal to MBIC/MPIC. As suggested by Spizizen et al.  (1951), inhibitors having a 
ratio greater than one were considered more active against  the  virus  system  than 
against  bacterial growth. 
Plaque counts were made by the method of Potter and Nelson (1952 a) ; 0.07 molar 
(~) CaClv2H20 was the cell diluent. Bacteria were counted by the agar plate method 
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(American Public  Health  Association,  1948),  except  that  both  virus and  bacteria 
counts, as well as the agar plate screening tests, were made in eugonagar  I minus the 
sulfite and adjusted to pH 6.6. Trypficase soy broth (TSB) was prepared in the same 
way except for omission of the agar and sulfite,  reduction of dextrose from 5 to 2.5 
gin.,  addition of 52  ×  10  -* ~  CaC1,.2H20,  and adjustment of reaction to pH 7.0. 
Both media were autoclaved at  15 pounds for 15 minutes.  The simplified  medium 
(SM)  of Niven  (1944)  supplemented  with acetate and oleate  (Collins and  Nelson, 
1950) and reticulogen  ~ (2 microliters per 10 ml.) also was used for tube tests.  Reduc- 
tion of the K~IPO4 from 40 to 5 rag. per  10 ml.  permitted  addition  of the  30  X 
10  -4 M CaC12.2H~O necessary for development of the virus (Potter and Nelson, 1952 
b).  A  minimal medium for organism 712 was obtained by omitting the purine and 
pyrimidine bases, riboflavin, and reticulogen from SM. 
One-step growth curves were obtained by the method of Delbriick and Luria (1942) 
under the conditions for single  infection; i.e.,  most infected cells adsorbed only one 
phage particle. For single  infected cell studies, adsorption mixtures prepared exactly 
as for the one-step growth experiments were diluted  to a  point at which less  than 
one infected bacterium was present per 3 ml. Aliquots of 3 ml. each were dispensed in 
test tubes, incubated for 55 minutes at 32°C., and placed in an ice bath to keep further 
changes at a minimum while titering the tubes for virus. Adsorption was determined 
by titering the virus present in the superuatant after centrifuging at 3000 R.P.M. for 
10 minutes to sediment bacteria plus adsorbed phage. Stock solutions (2.56  X  10  -8 M) 
of crystal violet  8 were prepared by dissolving appro~mately 100 mg. of crystal violet 
in 20 ml. of 95 per cent ethyl alcohol, then making the volume to 100 ml. with sterile 
distilled water. The stock solutions were diluted aseptically with distilled water to a 
concentration tenfold greater than desired in the growth medium; this solution then 
was diluted  1:10 into TSB to give the desired dye concentration. The aqueous solu- 
tions of dye were stored in the dark at 3 to 5°C. 
The four virus-host combinations used in the paper disc screening tests were F4/ 
HI-11, PF11/122-1, F56/712, and F63/E8-1. These phages, obtained from the Labor- 
atory collection, were selected on the basis of differences in host range, heat resistance, 
and antigenic character (Wilkowske, 1949). All agents which prevented mass lysis on 
plates were tested further in TSB. The inhibitors which gave any indication of anti- 
phage activity in TSB, in addition to all the antimetabolites and metallic salts, also 
were tested by the tube method, using the minimal medium in the case of F56/712 and 
SM  for F6/HI-ll  and  F54/565.  The  two  latter  combinations,  because  of greater 
ability to grow in SM, replaced F4/HI-11 and PF11/122-1 in these tests. Furthermore, 
F54 was able to develop on HI-ll in SM without added calcium, thus providing a 
control against inhibition resulting from chelation of this ion. 
1 Baltimore  Biological  Laboratories. 
A parenteral liver extract with vitamin B~, made by Eli Lilly and  Co., Indian- 
apolis. 
3 The crystal violet, marked "C.I. No. 681, 95 per cent dye content," was obtained 
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RESULTS 
Screening.--The  one hundred ten agents screened for antiphage activity are 
listed in Table I. Numerous agents were inhibitory to phage but most were 
extremely toxic  to  the  host  bacteria.  Inhibition ratios  of  seven  substances 
which prevented mass lysis are listed in Table II. The IR of six of these agents 
ranged from 1 to 2, indicating considerable toxicity to the host bacteria. Sev- 
eral other inhibitors were toxic to the host but did not prevent mass lysis at 
any concentration employed. Very  toxic levels of iodoacetic acid permitted 
appreciable increase of phage. This finding emphasizes the differences which 
are  seen  with  various  phages,  for  Price  (1947)  found  that  iodoacetic  acid 
inhibits Staphylococcus muscae phage. In the case of crystal violet, the IR was 
3 to 4 for F56/712 and 1 to 2 for F68/IP5. 
Screening tests with 41  other phage-host combinations revealed that most 
of the additional strains of virus were less susceptible to crystal violet than 
were  F56  and F68.  Possible inhibition of F6/HI-ll  and F72/R1  was  seen, 
but the inhibition ratio was very low. On the other hand, with combinations 
such as F55/573, mass lysis occurred at levels of crystal violet markedly toxic 
to the host bacteria. 
Analysis of the Action of Crystal Violet 
Effects on Growth and Mass Lysis.--Fig.  1 shows the effect of crystal violet 
on growth of Streptococcus  lactis 712. No toxicity is seen with 0, 1.0, and 2.1 X 
10  -7 ~  crystal violet, whereas 3.1 ×  10  -7 ~  definitely was toxic to the bacteria. 
The toxicity of the latter concentration resulted in extension of the lag phase 
by about 1 hour and a  slower rate of increase during the logarithmic phase. 
The total number of cells  present at  10 hours was about equal in all cases. 
These findings were confirmed in numerous experiments. 
Data  on proliferation of F56  on its host 712  in broth  containing crystal 
violet are seen in Fig. 2. The lag phase was 1, 2, 3, and 6 hours with 0,  1.0, 
2.1,  and 3.1  )<  10  -7 ~t crystal violet, respectively. After the lag phase,  the 
rates of virus increase were very similar. The final yield of virus was normal 
with 1.0 X  10  -7 ~s crystal violet but considerably less with higher levels of dye. 
In the case of 2,0 X  10  -7 M crystal violet, the decreased virus yield undoubt- 
edly results from the  cells  reaching a  physiological state unsuited for virus 
proliferation before the phage had reached its normal maximum titer. With 
3.1  X  10  -7 at crystal violet, toxicity of the dye limited somewhat the amount 
of cellular substrate present during the logarithmic period of phage increase, 
thus partially accounting for the decrease in final yield of virus. The effect of 
crystal violet is seen primarily as an extension of the lag period of virus growth, 
subsequent  proliferation proceeding  at  essentially the  same  rate  as  in  the 
absence  of crystal violet.  Considerable  reduction of  the  original virus  titer 124  INHIBITION" OP  LACTIC  STREPTOCOCCUS  BACTERIOPHAGE 
TABLE  I 
Agents Tested for Vicuslalic Activity 
No.  Name  Group 
1.  Caffeine 
2.  Nicotine 
3.  Quinine 
4.  Strychnine 
5.  Tannic add 
Alkalolgs 
Antibiotics 
6.  Aureomycin 
7.  Chloromycetin 
8.  Penicillin G 
9.  Streptomycin 
10.  Terramycin 
Organisms producing antibiotics 
Organism  Antibiotic produced commercially 
11.  Bacillus brevis ............................  Tyrothrycin 
12.  Bacillus lichenformis ......................  Bacitracin 
13.  Bacillus polymyxa .........................  Polymyxin 
14.  Bac///us subtgl/s  ..........................  Bacillin 
15.  Bacillus subtilis ..........................  Subtilin 
16.  Streptomyces aureofadens ..................  Aureomycin 
17.  Streptomyces fradiae ......................  Neomycin 
18.  Streptomyces griseocarnus ..................  Hydroxystreptomycin 
19. Streptomyces gdseus  ......................  Streptomycin 
20. Streptomyces ri:raosus .....................  Terramycin 
21.  Streptomyces species ......................  Actinomycin 
Antimdabolites 
Analog  Metabolite antagonized 
22.  3-Acetylpyridine .........................  Nicotinic acid 
23.  Adenosine  ...............................  Cytidine 
24.  4-Amino-N-methylfolic acid ...............  Folic acid 
25.  Barbituric  acid ..........................  Uracil 
26. ~-Benzenehexachloride ...................  Inositol 
27.  Benzimidazole ...........................  Adenine, guanine, and uracil 
28.  2-Chloroaminobenzene  ....................  PABA 
29.  8-Chloroxanthine ........................  Purines and nucleic acid 
30.  Desoxypyridoxine hydrochloride ...........  Pyridoxine 
31.  d/-Desthiobiotin .........................  Biotin 
32.  Dicumarol ..............................  Menadione 
33.  Ethionine ...............................  Methionine 
34.  Nt0Methylpteroylgintamic acid ............  Fofic acid 
35.  Pantoyltaurine ..........................  Folic acid 
36.  Pyridine-3-sulfonic acid ...................  Nicotinic acid 
37.  Quercetin ...............................  Rutin 
38.  O-2-Thienylalanine  .......................  Phenylalanine 
39.  Thiouracil ..............................  Uracil D.  M.  GRAHAM~ AND ~F.  E.  NELSON  125 
TABLE I--Contlnued 
No.  Name  Group 
Dyes, dye intermedbztes, and other argania materi~s 
40. Acetylsalicylic acid 
41. Auramine (base) 
42. Brilliant green 
43.  Bromcresol green 
44. a-Bromobutyric acid 
45. a-Bromopropionie acid 
46. ot-Bromovaleric  acid 
47. Bromthymol blue 
48. Butter yellow (dimethylaminoazobenzene) 
49.  Chloroacetic acid 
50.  Citrus pectin 
51.  Crystal violet 
52. 3,6-Diaminoacridine sulfate 
53.  2,4-Dinitrophenol 
54. Eosin 
55. Ethyl carbamate  (urethan) 
56. Fuchsin (basic) 
57. Hexamethylenetetramine 
58. Hydroquinone 
59. 8-Hydroxyquinoline sulfate 
60. Indigo 
61. Janus green 
62. Meldola's blue 
63. Methylene blue thiocyanate 
64. Methyl orange 
65. Methyl red 
66. Neutral red 
67.  Nile blue A 
68. p-Nitrobenzoic acid 
69. Phenosafranine 
70. p-Phenylenediamine 
71. Resazurin 
72.  Rhodamine B 
73. Roccal (alkyldimethylbenzylammonium chlorides) 
74, Safranine O 
75.  Salicylic acid 
76.  Salicyl&ldchyde 
77.  Sodium alizarin sulfonate 
78.  Streptokinase-streptodomase 
79.  Sulfauilic acid 
80. Sulfosalicylic  acid 
81. Tartrazine 
82. 4,4'-Tetramethyldiaminotriphenylmethane  (leucomalachite green) 
83. Tetramethyl-p-phenylenediamine hydroc2aloride 
84. Toluidine blue O 
85. Trypan blue TABLE I---Concluded 
No.  Name  Group 
86.  Iodoacetic acid 
87.  Malonic acid 
88.  Soditgn azide 
89.  Sodium cyanide 
90.  Sodium fluoride 
91.  A12CIv  12H:O 
92.  CoClv  6H20 
93.  CuC12-2H20 
94.  Fe2(SO0s 
95.  FeSO~ 
96.  HgCl2 
97.  La(NO3)3.6H~O 
98.  LiCI2.H20 
99.  NiClv 6H20 
100.  PbOH(C~HaO2)3 
101.  SbCI3 
102.  SnClz 
103.  ZnSO, 
104.  Sulfadiazine 
105.  SulfastLxidine 
106.  Sulfamerazine 
107.  Sulfanilamide 
108.  Sulfaguanidine 
109.  Sulfathalidine 
110.  Sulfathiazole 
Enzyme poisons 
Maallic salts 
Sulfa drugs 
TABLE II 
Inkibitiou  Ratios  of Seven Compounds Which Prevented M~s  Lysis 
Name of compound 
Benzimidazole 
a-Bromopropionic acid 
Crystal violet 
3,6-Diaminoacridine-SO4 
8-Hydroxyquinoline-SO4 
Iodoacetic acid 
Terramycin 
Inhibition ratio 
(IR) ha TSB*,t 
1-2  (F56) 
1  (F56) 
3-4  (F56) 
1  (PF11) 
1  (F68) 
1-2  (F56) 
1-2  (F4) 
~talct ha 
TSB  SM 
100  50 
64  10 
16  10 
10  5 
50O  10 
24O  5 
4O  10 
Concentration 
(units) 
X  10  -4 M 
X  10-  4 M 
×  10-7 ts 
X  10  -6 ~r 
X  10"4m 
X  10  ~r 
Mg./100 ml. 
* Result with the most sensitive virus, which is indicated in parentheses. 
IR, inhibition ratio (MBIC/MPIC); MBIC, minimum bacterial inhibitory concentra- 
tion;  MPIC,  minimum  phage  inhibitory  concentration;  TSB,  trypticase  soy  broth;  SM, 
simplified medium. 
§ Average value for four strains of host bacteria. 
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occurred during the lag period in the presence of 3.1  X  10  -7 ~r crystal violet. 
This virucidal effect on adsorbed virus was observed in several other instances, 
although a  fivefold greater concentration of crystal violet did not reduce the 
count of free virus particles, even after incubation in the presence of the dye 
for 10 hours at 32°C. 
Similar effects of crystal violet on S.  lactis IP5  and the homologous virus 
F68 were found. The lag phase of virus growth was extended as in the case of 
F56,  and  the  rate  of virus  increase  again  was  normal  after  the  lag  period. 
Because of the very narrow inhibition ratio for F68/IP5 and even lower values 
9  ! 
~7  j,- 
I  I  I  !  I 
o  ;  a  4  5e  7  HOURS 
FIG. 1, Counts of host bacteria (712) in TSB containing crystal violet. Open circles-- 
0;  dosed  cirdes--l.0;  open  triangles--2.1;  dosed  triangles--3.1  X  10  -7  M  crystal 
violet. 
for  some  other  combinations,  only  F56  was  used  in  most  of  the  following 
experiments. 
Factors Influencing  the Lag Effect  of Crystal  Violet.--The  effect of  crystal 
violet appeared to result primarily from extension of the lag phase  of virus 
growth. The possible influence of several factors on this lag effect was inves- 
tigated. 
Hoffman and Rahn (1944) described a  bacteriostatic effect of higher levels 
of crystal violet on S. lactis;  this  action was believed to result from an  un- 
favorable poising of the oxidation-reductlon potential, which was reduced by 
cellular activity during the lag phase.  Toxicity of crystal violet to S.  lactis 
IP5 was lessened slightly by 0.5 per cent sodium thioglycolate in the medium, 
but the yield of F56 and F68 in the one-step growth curves was not increased 
by thioglycotate, indicating that the virustasis probably was not due to an ef- 
fect of crystal violet on the oxidation-reduction potential of the medium. 128  INHIBITION OF LACTIC STREPTOCOCCUS BACTERIOPHAGE 
Steam and Steam (1926) reported that raising the pH augmented bacterio- 
stasis by crystal violet. Hoffman and Rahn (1944) observed the same effect; 
a  2.5-fold  greater concentration of dye was required to inhibit S.  lactis at pH 
5.1  than at pH 8.1.  Acid production by the host bacteria conceivably might 
reduce the virustatic ability of crystal violet and account for increase of virus 
at a  normal rate after the lag phase. To test this possibility virus was pro- 
liferated in the presence  and absence  of crystal violet in broth  adjusted to 
ti  / 
=  /!  /  o¢//; 
u  5  .~ 
Ii 
0 
q4  j 
21,  "  I  ,  I  I  I  I  I  I  I  I 
0  I  2  3  4  5  6  7  8  9  I0 
HOURS 
FrG. 2. Counts of phage F56 increasing on organism 712 in TSB containing crystal 
violet.  Open  circles--0;  dosed drdes--l.0;  dosed  triangles--2.1;  open  triangles-- 
3.1  X  10  -7 ~r crystal violet. 
several pH values between 5.5 and 7.5. No effect other than the usual influence 
of pH on virus growth could be established in repeated trials. 
Selection or adaptation of host bacteria toward a greater tolerance for crys- 
tal violet also was investigated. Serial isolations of surviving cells from agar 
containing up to four times the toxic level of crystal violet failed to produce 
strains of host bacteria capable of proliferating virus in greater than normal 
concentrations of crystal violet, although resistance of the bacteria  to  high 
levels of dye was increased somewhat. 
A portion of the crystal violet used would be expected to be bound by cellu- 
lar constituents. Normal growth of host bacteria during the virus lag phase 
might result in a cell mass sufficient to "dilute" to a non-inhibitory concentra- D.  M.  GRAHAM AND ~'.  E.  NELSON  129 
tion  the  very  small  amount  of  dye  employed.  F56  was  proliferated  in  the 
presence and absence of crystal violet,  using different levels of inoculum con- 
talning  a  constant proportion of virus  to cells  (Table  HI). The difference in 
lag period with and without crystal violet present  was greater with the  lower 
TABLE  III 
Proportion  of Phage to Cells at the Beglnn~ng of the Rise*  in the Presence and Absence of 
Crystal  Violet,  Using  Di~er6nt Inoculum  Levels of Combinagon  F56/712 
Cells pet ml.  at 0 time 
4.4  X  106 
7.0 X  I0  s 
3.5  X  10' 
Concentrst~on of 
c~ystal  violet 
X 10-~  M) 
0 
1.0 
0 
1.0 
L~ ~ 
hrs. 
0-1 
1-2 
0-1 
2-3 
0 
1.0 
Phage/cell proportion 
1-2 
2-3 
* Determined from hourly counts of phage and bacteris. 
0 time  ~  time 
0.011  0.013 
0.007  0.007 
0.008  0.011 
0.008  0.007 
0.010  0.011 
0.009  0.002 
TABLE IV 
Adsorpt~ of Phage to Host Cells i~ the Presence and Absence of Crystal Violet 
Concentration of 
crystal violet 
(X i0-7  I,) 
0 
1.0 
2.1 
Adsorption in I0  rain. 
F561712  F68/IP5 
Virus in presence" of 
crysUtl violet before 
sdsorptlon 
~mJ 
93, 98~ 
98 
98 
Virus in presence of  Cells in presence of 
crystal violet before  crystal violet before 
adsorption  adsorption 
ten#  pe~ ce~ 
91, 98  92, 98 
93, 97  92, 96 
89, 96  91, 96 
* Virus or cells,  as indicated,  were mixed with crystal  violet  15 minutes before  preparing 
the adsorption mixtures. The level  of crystal  violet  was maintained during the adsorption 
period. 
When two values are given they represent separate determinations. 
levels of inoculum. The proportion of phage to cells at the end of the lag period 
increased in every case when crystal violet was absent,  whereas with  crystal 
violet present  the  proportion remained  constant  or decreased  in  every  case, 
indicating presence of more cells at the time of rise with than without crystal 
violet. No decrease of virus titer occurred during the lag phase with the level 
of dye used.  The  trials  were  repeated  with  essentially  the  same  results  and 130  INHIBITION  OF  LACTIC  STREPTOCOCCUS  BACTERIOPHAGE 
control curves of other experiments always showed the same trend. It appears, 
therefore, that the quantity of cell mass present exerts an influence on the lag 
period, possibly by reducing the effective dye concentration to a non-inhibitory 
level. 
E~ects  on Growth  Characteristics  of  Virus.--The  effect of crystal violet on 
adsorption of virus to host bacteria is seen in Table IV. When  the dye was 
associated  with either the virus or the  cells for 15  minutes before and then 
with  the mixture throughout the  10 minute adsorption period, no difference 
== 
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MINUTES AFTER ADSORPTION 
FIG. 3. Effect of crystal violet on invasion and multiplication of F56. A--no crystal 
violet; B--crystal violet during adsorption (removed by dilution); C--crystal violet 
after  adsorption;  D---crystal  violet  present  throughout.  Cells:  open  circles---0; 
closed circles--l.0 ×  10  -~ ~¢ crystal violet. 
in the per cent of virus adsorbed was observed with 0,  1.0, and 2.1  X  10  .-7 
crystal violet. 
Fig. 3 shows the effect of 1.0 X  10  -7 ~  crystal violet on the one-step growth 
curve of  F56.  Three  important  points  are  revealed in  this  figure:  (1)  The 
identical  latent  period  with  no  crystal  violet  (curve  A)  and  crystal  violet 
present only during the  10 minute adsorption time (curve B)  indicates that 
the dye did not block invasion.  (2) The removal of dye from B  by dilution 
immediately after adsorption resulted in identical yields of virus in A and B, 
again indicating that invasion was not prevented and, furthermore, that any 
dye bound to the virus-host complex too firmly to be diluted out was not in- 
hibitory. (3) Curves C and D  show the effect of crystal violet present during 
the latent period. The latent period was identical with that of the control but 
the total yield of virus was reduced considerably, indicating that crystal violet D.  M.  GRAHAM AND  P. E.  NELSON  131 
present in the medium during the latent period suppressed intracellular  mul- 
tiplication of the  virus.  A  similar effect on multiplication of F68  is  seen in 
Fig. 4, when increasing concentrations of crystal violet resulted in progressively 
lower yields of virus. The findings of both experiments were confirmed upon 
repeated trials. 
4l 
J 
3E 
t--3 
z  ::) 
o  ¢.) 
h 
0 ~ 
A 
B 
PHAGE  /  ~.  "/~'~  ~ 
~,~-,~d'  ,,,_.__.._.A  D 
I  t  t  I  t  t  i  i  I  I  I  I  I  i  1  t  I  I  |  I. 
0  20  40  60  80  IO0 
MINUTES  AFTER  ADSORPTION 
FIG. 4, Effect of crystal violet on F68/IP5. A--O; B--0.5; C--1.0; D--1.5  X  10  m 
M crystal violet added after adsorption. Cells: open circles--0; closed circles--l.5 × 
10  -7 M crystal violet. 
TABLE V 
Burst Size of Indit~idual In/e~ted Cells in the Presence and Absetws of Crystal Violet 
Trial No. 
I! 
Concentra- 
tion  of crys* 
tel violet 
(× 10~ u)* 
o 
1.o 
1.°o 
Bunt size  of individual infected  cells  of 
combination F56/712 
66,  66,  95,  101,  143,  153,  256,  267 
6,  9,  23,  39,  39,  53 
50,  60,  62,  81,  128 
11,  17,  20,  24,  30 
No. of bunts 
observed 
* Added 5 minutes after adsorption (of. curve C, Fig. 6). 
Average burst  size  as  determined by  the  one-step method represents  the 
collective yield from a  great many bursting  cells.  Reduction of this average 
can result from either a  smaller portion of the infected cells giving bursts of 
normal size, or a  reduced yield from the individual infected ceils.  Determina- 
tion of the burst size of individual infected cells (Table V) revealed that crys- 132  INHIBITION OF LACTIC STREPTOCOCCUS  BACTERIOPHAGE 
tal violet added 5 minutes after adsorption reduced the yield of virus per in- 
fected bacterium; trial I  indicates possible complete inhibition of virus growth 
in some infected cells, although only a  reduced yield per infected cell is seen 
in trial  II. The  data appear  to  support  the earlier indications that  crystal 
violet  interferes  with  intracellular  multiplication  rather  than  the  invasive 
process. 
Fig. 5 shows the effect of adding 1.0 X  10  -7 ~  crystal violet at various in- 
tervals during the latent period of F56. The latent period was identical when 
the dye was added at any time up to 20 minutes after adsorption; the yield of 
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FzG. 5. Effect of adding crystal violet during the latent period of F56. No crystal 
violet--A; crystal violet added at 0 minutes--B; 5 minutes--C; 10 minutes--D; 20 
minutes--E.  Cells: open  circles--0;  dosed circles--l.0  X  10  -7 ~  crystal violet. 
virus, however, increased as the interval between adsorption and addition of 
crystal violet increased. A similar experiment in which crystal violet was added 
immediately after adsorption, then removed by dilution at various times during 
the latent period is seen in Fig. 6. Again the latent period was unchanged and 
the yield of virus increased as the time of exposure to crystal violet decreased. 
Both these experiments were repeated several times with very similar results, 
indicating in every case that the yield of virus was related directly to the por- 
tion of the latent period which elapsed with no crystal violet in the medium. 
The effect of removing crystal violet by dilution with fresh broth at various 
intervals after the normal latent period of F56 is seen in Fig.  7.  Prolonged 
exposure  of  the  virus-host  complex  to  crystal  violet  resulted  in  decreased 
yields of virus upon subsequent removal of the dye. The rise began about 5 D.  M.  GRAttAM  AND  ~'.  E.  I~-ELSON  133 
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FIG. 6. Effect of addition and subsequent  removal (by dilution)  of crystal violet 
during the latent period of F56. No crystal violet--A; crystal violet added at 0 min- 
utes and present throughout--B; removed at 10 minutes--C; removed at 20 minutes-- 
D. Cells: open circles---0; dosed circles--l.0 X  10  -~ M crystal violet. 
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FIo. 7. Effect of removing  crystal violet  by dilution  with fresh  broth after the 
normal latent period of F56. No crystal violet--A; crystal violet added at 0 minute~ 
and present throughout--B; removed at 20 minutes---C; 30 minutes--D; 40 minutes-- 
E; 50 minutes--F; 60 minutes--G. Cells: open circles--4); closed circles--l.0 X10 -7 
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minutes after removal of the dye at 30 and 40 minutes. This short lag prob- 
ably represents  the  time  necessary for completion of  the  steps  blocked  by 
crystal violet. A delay approximately equal to the latent period occurred after 
removal at 50 and 60 minutes. A small rise between 50 and 60 minutes appar- 
ently took place in the presence of crystal violet (B), possibly as a result of the 
cells reaching numbers sufficient to remove some of the activity of the dye. 
The increased amount of virus present at 60 minutes may account for the ap- 
parently inverted positions of curves F  and G. Some secondary adsorption of 
new phage probably occurred during this extended experiment, resulting in a 
tendency for the curves to drift upward following the rise. These findings were 
confirmed by repeating the experiment. The data indicate that  in many in- 
stances the steps blocked by crystal violet could be completed quickly upon 
TABLE VI 
Competitive Anlagonism of Crystal Violet and De~oxyribose Nucleic Acid 
ugth Combination F56/712 
Concentration of I  Concentrstion of DNA in the broth, per t~nl 
crystal violet  [__ 
*  +  -- mass lysis, 4- -- partial lysis, --  ---- no mass lysis. All tubes recorded were inocu- 
lated with virus and cells; control tubes inoculated with cells only contained growth in all 
Gases. 
removal of the dye up to 10 minutes beyond the normal latent period; removal 
at later times appeared to result in a second cycle of virus growth, possibly in 
newly infected cells. 
Antagonism of Crystal Violet and Desoxyribose Nucleic Ac/d.--The following 
materials were tested for ability to permit mass lysis in the presence of 2.1  X 
10  -7 ~  crystal violet: calcium chloride, choline chloride, sodium thioglycolate, 
hydrolyzed casein, tryptophane, reticulogen, yeast extract, ribose nucleic acid 
(RNA), and desoxyribose nucleic acid (DNA). Decimal dilutions embracing a 
1000-fold range  of each reagent,  all  in  considerable excess of crystal violet, 
were tested.  Growth of virus and cells was tested in controls containing the 
added reagent without crystal violet. Only DNA permitted mass lysis of com- 
bination F56/712 in the presence of the dye. The plaque counts of F56 after 
growth for 10 hours were 13 X  l0  s,  19 X  107, and 11  X  107 per ml. in broth 
containing 2.1  X  10-  7 •  crystal violet, no crystal violet, and  2.1  X  10-  7 M 
crystal violet plus 0.16 per cent DNA, respectively.  Adenine,  guanine,  cyto- 
sine, thymine, and ribose did not reverse the effect of crystal violet. D.  M.  GRAHAM  AND  F.  E.  NELSON  135 
Table VI gives the results  with different levels of crystal violet and DNA. 
Prevention of mass lysis by 1.0, 2.1, and 3.1  X  10  -7 M crystal violet was over- 
come by 0.04, 0.16, and 0.32 per cent DNA, respectively,  indicating competi- 
tion between the two compounds throughout the range of crystal violet tested. 
This is to be expected since it is well known that DNA combines with crystal 
violet (Steam, 1930; Mirsky and Ris, 1951). 
DISCUSSION 
Many of  the  compounds  tested  have  been  reported  effective  specific in- 
hibitors  of one or more different virus systems. Failure of these compounds to 
prevent  development of  lactic streptococcus  bacteriophage  possibly  reflects 
fundamental differences in the multiplication mechanisms of different viruses. 
Based on dissimilar  resistance  of phages  T2r  and T7  to  ultraviolet during 
intracellular growth,  Benzer  (1952) has suggested  that the modes  of repro- 
duction of different phages may vary greatly. In the case of crystal violet and 
other inhibitors  the greater sensitivity of strains F56 and F68 than of any of 
41  other virus strains tested suggests at least quantitative differences in the 
multiplication mechanisms  of the different  strains.  However,  one would  not 
expect  any considerable differences in the mode of virus growth on hosts so 
metabolically similar as different strains of lactic streptococci.  Perhaps a more 
logical explanation of  these  differences may be  in  obscure  physicochemical 
conditions at or near the site affected by crystal violet. 
Inhibition of  virus  increase  by levels  of crystal violet not  demonstrably 
toxic  to the host bacteria indicates  interference  with mechanisms  more  im- 
portant  for  virus  multiplication than  for normal  cell growth.  Non-specific 
effects resulting in subtle changes in the normal metabolism of the host not re- 
vealed by differences in rate of growth of the bacteria cannot be excluded. 
With several of the inhibitors first tested, mass lysis occurred at levels definitely 
toxic to host bacteria and in one case appreciable virus increase was recorded 
at bactericidal  levels of inhibitor.  Strains  of host bacteria selected from large 
populations  by means of resistance  to relatively high levels of crystal violet 
did not differ from the original type in the level of dye required to inhibit virus 
growth on the different strains,  suggesting that the characteristics  involved in 
inhibition of the host differed from those concerned in inhibition of the virus. 
Failure  of virustatic levels  of  crystal violet to  destroy unadsorbed virus 
particles,  reduce  adsorption,  or prevent invasion  strongly suggests  that the 
effect is due almost entirely to inhibition  of intracellular multiplication or re- 
lease of virus particles.  Reduction of the yield from individual infected cells 
supports  this observation.  The relationship  of virus yield to the portion of 
the latent period during which crystal violet was not present indicates that the 
phase of synthesis interrupted by the dye normally is operative  during a con- 
siderable portion of the latent period,  although in about one-half of the par- 136  INIIIBITION OF LACTIC STREPTOCOCCUS BACTEILIOPIIAGE 
tides formed,  this  phase  usually  is  completed within  the  first  10  minutes. 
Removal of crystal violet after its presence throughout the latent period re- 
suits in release  of virus about 5 minutes later.  This indicates  that  the step 
blocked by crystal violet can be delayed until late in the synthetic process and 
then completed very quickly in the absence of the dye. In this respect the crys- 
tal violet effect resembles the finding  of Foster (1948) that a late reaction in 
the formation of coliphage is blocked by proflavin.  However, proflavin was not 
inhibitory to lactic streptococcus phage. Prolonged exposure  of the virus-host 
complex to crystal violet resulted in a  second latent period before virus was 
produced following  removal of the dye. Whether  the virus produced under 
these  conditions  came from  the  original  virus-host  complex  or from  newly 
infected cells is not known. 
A portion of the crystal violet used would be expected to be bound by cellu- 
lar constituents.  Evidence in favor of this is seen in the inverse  relationship 
between the lag phase of virus growth and  the size of the cell mass in the 
medium plus crystal violet (Table III). The bound crystal violet either is not 
inhibitory to virus or is very loosely bound, as is indicated by removal of the 
inhibitory effect upon dilution of the inhibited virus-host complex with fresh 
broth.  Possibly free dye must  be present  in  order to combine with  certain 
virus constituents  (nucleic  acid fragments?)  as they are synthesized by the 
virus-host complex. Antagonism of crystal violet by DNA but not RNA sug- 
gests that inhibition  of the virus results from interference  with some phase of 
I)NA metabolism. 
In a  partially  chemically  defined  minimal  medium containing  no purines, 
pyrimidines, or riboflavin,  proliferation of F56 was not inhibited by the purine 
and pyrimidine analogs benzimidazole,  barbituric acid, and thiouracil.  Analogs 
of PABA and folic acid,  which are believed to be involved in the synthesis of 
purine and pyrimidine bases (Cots and  Chu,  1932; Snell,  1951), also did not 
prevent virus multiplication,  indicating that  these early steps in nucleic  acid 
metabolism apparently are equally important for normal cell growth and virus 
multiplication.  Differentiation between the two functions appears to involve 
reactions  of more  highly  organized  structures.  8-Chloroxanthine,  analog  of 
purines and nudeic acid,  and adenosine,  the only available nucleoside analog, 
did not prevent virus multiplication;  other nudeoside or nucleotide analogs 
might  cause inhibition.  As crystal violet apparently combines with DNA in 
vitro,  the inhibition  may result from direct combination of the dye with phage 
I)NA or fractions thereof at a stage in the synthetic process prior to final in- 
corporation of nucleic  acid into the structure of the virus partide.  Chemical 
analysis of coliphage partides has revealed a high proportion of DNA. Cohen 
(1948) and Cohen and Arbogast (1950 a) have shown that DNA is synthesized 
much more rapidly by the virus-host complex  than by uninfected host ceils. 
Through premature lysis of infected cells, Doermann (1951) has observed ap- D.  M.  GRAHAM AND  ~F.  E.  NELSON  137 
pearance of virus at a rate very similar to the rate of synthesis of nucleic acid. 
Almost all of the nucleic acid formed by the virus-host complex can be ac- 
counted for in the virus progeny (Cohen and Arbogast, 1950 b). 
SLrMMARY 
Ninety-nine selected compounds and eleven antibiotic-producing organisms 
were tested for antiphage activity and host toxicity. A paper disc-agar diffu- 
sion method was used for primary screening and quantitative methods were 
employed for confirmatory investigation. Most of the agents tested, although 
previously reported  as  inhibitory to  one  or more  other virus-host  systems, 
did not selectively prevent multiplication of lactic streptococcus bacteriophage. 
Several compounds which prevented mass lysis were extremely toxic to host 
bacteria. 
Crystal violet suppressed  growth  of two phage  strains at  a  level  (1.0  X 
10  -7 M)  which permitted normal growth of the host cells.  Failure of crystal 
violet  to  prevent  multiplication  of  many phage  strains  suggested  possible 
variations in the multiplication mechanisms of different strains of virus. Vi- 
rustatic levels of crystal violet did not destroy unadsorbed virus, reduce ad- 
sorption, or prevent invasion; increase of virus was reduced in one-step growth 
experiments; mass lysis was prevented or delayed in long time experiments. 
Addition and removal of crystal violet at various intervals during the latent 
period resulted  in virus  yields directly related to  the portion  of the  latent 
period during which no dye was present.  Duration of the latent period was 
unaffected. Single burst experiments indicated that the yield of plaque-form- 
ing particles per infected bacterium was reduced; the proportion of infected 
bacteria  giving rise  to  active progeny did not appear  to be influenced to  a 
significant degree. Crystal violet apparently interferes with intracellular mul- 
tiplication of the virus, possibly by combination of the dye with phage DNA 
or fractions thereof at some critical stage in the incorporation of DNA into 
the virus particle. 
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